A physical model describing the propagation of low frequency surface waves in relation to the viscoelastic behavior of porcine skin is presented along with a series of empirical studies testing the performance of the model. The model assumes that the skin behaves as a semi-infinite, locally isotropic, viscoelastic half-space. While the assumption of a semi-infinite body is violated, this violation does not appear to have a significant impact on the performance of the model based upon the empirical studies. One Hertz surface waves in the skin propagate primarily as Rayleigh waves with a wavelength and velocity of approximately 3 m and 3.0 m/s, respectively. The amplitude of the acoustic wave as measured by tracking the acoustic stress wave -induced shift in a backscattered laser speckle pattern, decreased exponentially with lateral distance from the acoustic source. Using this model of surface wave propagation, the mechanical loss factor or tan δ of the skin was measured to be on the order of 0.14±0.07. The results presented herein are consistent with earlier works on the propagation of low frequency acoustic waves in biological tissues and should serve as a theoretical and empirical basis for using the wave characteristics of propagating surface waves in combination with the mechanical behavior of the tissue for biomechanical studies and for potential diagnostic applications.
INTRODUCTION
The behavior of low frequency surface waves in biological tissues has received only limited attention in the literature. Yet, tracking low frequency surface acoustic wave propagation in tissues provides a noninvasive means of investigating the mechanical behavior of the tissue. Such an approach may yield diagnostic methods based upon local differences in mechanical behavior of tissues that may be indicative of certain pathologies. Indeed, this is the basis of manual palpation.
Potts et al., 1 investigated the propagation and attenuation of low frequency waves in human skin over a frequency range from near zero to 1 kHz. Their results indicated that at frequencies below a few hundred Hertz, the waves propagated primarily along the skin surface. At higher frequencies, the waves tend to propagate as bulk waves. They inferred from these results that at low frequencies, the waves provide information from the surface layer (i.e., the stratum corneum) and at higher frequencies, information about the dermis is provided. Karzakov and Klochkov 2 investigated the mechanical properties of skin tissues in the human arm over a range of 10 -100 Hz. One of their key results was that at these low frequencies, the speed of propagation was relatively slow, ranging between 21.0 m/s and 1.6 m/s, respectively. They also noted that there is a very large inter-individual variation in the speed of propagation at a given frequency. These results are consistent with those of Potts et al. nuchal elastin as a means of non-invasively determining the viscoelastic properties of this tissue for applications as a tissue engineering scaffold.
The purpose of this study was to evaluate low frequency surface wave propagation and decay in porcine skin ex vivo and to directly relate the wave characteristics to the viscoelastic behavior of the skin. The goal of this study was to provide both a theoretical and an empirical framework for future studies on the use of low frequency acousto-optical elastography for potential clinical and biomechanical applications.
Theoretical Development

Physical model
Skin, while grossly anisotropic can be considered to be locally isotropic. Thus, for this model, we assume a locally isotropic halfspace subjected to a harmonic external normal force 0 i t z S S e ω = over an area of radius a (Fig. 1) . The time-dependent mechanical behavior of the solid material that fills the half-space can be described adequately by the constitutive relation
where σ ij is stress, λ and µ are the two independent Lamé constants, δ ij is the Kronecker delta ( 
where G is the shear modulus, E is the elastic modulus, ν is the Poisson's ratio, and B is the bulk modulus. Following Zhang et al. 5 and letting 
Thus, from Eqs. 1 -3, the material is viscoelastic in nature, and the harmonic excitation will result in a non-zero imaginary part of E. Recalling that the half-space is subjected to a harmonically varying force, S z , the stress on the material varies sinsuoidally in time as ( ) . 
The strain will also be sinusoidal, but will lag behind the stress by a phase, or loss, angle δ:
( ) . 
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The phase angle is related to the time lag between the sinusoids by 2 , t T π δ ∆ = (6) where T is the period of the waveforms. As a result of this phase lag, the complex dynamic modulus, E * , is represented as a complex number:
The first term on the right hand side of Eq. 7 is the in-phase component and is known as the storage modulus, while the second term on the RHS is the out-of-phase component and is commonly referred to as the loss modulus. The phase angle is a dimensionless measure of the viscoelastic damping of the material and represents the amount of energy lost (e.g. dissipated as heat) during each loading-unloading cycle. The ratio Im( ) / Re( ) E E is commonly referred to as the loss tangent or loss factor and is related to δ by the equation
where τ r is the relaxation time of the material and is the ratio of the viscous to elastic components of the overall behavior of the material.
In the present scenario, the existence of δ should manifest as: 1) a decay in the amplitude of the propagating surface wave along x and 2) a significant lag between the imposed acoustic stress wave and the resulting speckle shift.
The two manifestations are not unrelated to one another. To see this, it is of interest to relate tan δ with the characteristic decay distance, or relaxation distance, x δ , which is the propagation distance in which the magnitude of the propagating surface wave (which in the current case is measured by the magnitude of the laser speckle shift), decays to 1/e of its original value, A 0 . The relaxation distance is given by
Recalling Stokes' relaxation time formulation for viscosity, we can re-define tan δ in terms of density, ρ 0 , and dynamic viscosity, η, as 
with the denominator of Eq. 11 reflecting the well known relationship between Young's modulus, E, density, and wave velocity for an isotropic elastic body, This point is discussed further below.
Surface Acoustic (Rayleigh) Waves
Consider again the situation of Fig. 1 . The harmonic excitation launches a wave polarized in the xz (sagittal) plane with surface normal along z and propagating in the x direction. If a plane-strain situation is assumed, then the displacement and velocity components are in x and z directions and there is no coupling to the transverse waves with displacement along y (i.e., SH or Shear Horizontal mode), perpendicular to the sagital plane, so there is no mode conversion or reflection. Assume that the half-space is a semi-infinite solid with a free surface, such that the boundary conditions are that the tangential and normal stresses are zero on the surface at z = 0. As seen below, because of the extremely long wavelengths at 1 Hz excitation, the assumption of a semi-infinite solid is violated, however, in the present case, this violation does not appear to have a significant impact on the results. Because the imposed displacements and therefore strains are small, we adopt the Lagrangian definition of stress and can express the general form of the displacements and the stress components, respectively, as 
where and φ ψ are potentials for the longitudinal z and transverse x directions, respectively, and and λ µ are the first and second Lamé constants. The origin of Eqs. 13 can be seen by defining a scalar and vector potential for the planestrain situation described above:
. u φ ψ = ∇ + ∇× (14) The potentials satisfy the wave equations 
In this fashion, solutions for the particle displacements maybe obtained in an efficient form: 
Inspection of Eqs. 24 reveals that there is an overall elliptical particle motion in the presence of Rayleigh waves. It is this surface particle motion that we wish to track by observing the translating laser speckle. Also, inspection of equation reveals that and z x u u decay exponentially with z and that since there is no frequency term in Eq. 20, the root, C R is non-dispersive in an elastic body.
Estimating speckle shift
The details of the numerical algorithm used to estimate the speckle pattern shift as a function of acoustic stress imposed by the propagating Rayleigh waves have been given elsewhere, 4 so only the key features of the algorithm will be presented herein.
The crux of the acousto-optical method is to determine the shift, ζ, of the speckle pattern as a function of record number (time) and acoustic stress. This shift was calculated using a maximum likelihood approach developed in earlier works.
9,10 We adopted a "frozen speckle" model, much like Taylor's frozen turbulence hypothesis and assume that, over a time on the order of a couple sequential exposures of the camera, the structure of the speckle pattern is fixed. The only change with time is its lateral motion. Thus, the speckle motion can be modeled as
where the subscript i denotes the pixel (spatial dimension) and the subscript j represents the record (temporal dimension). We assume that the shift, ζ is small compared to a pixel so that Eq. 26 can be approximated as
This is simply the first two terms of the Taylor series expansion for g. To introduce a degree of symmetry into the problem, we inspect the two speckle records on either side of the record of interest,
, .
We then determine the ζ that minimizes the error,
where the summation is over all pixels in the two records. We are thus seeking the ζ that brings these two records into registration. If we make use of the approximation in Eq. 27, then differentiating with respect to ζ and rearranging yields the formula ( )
The term in the first square bracket in the numerator is proportional to the first central difference approximation to the derivative;
The spatial derivatives may be approximated similarly:
Note that the speckle shift parameter, ζ, is the time rate at which the speckle pattern shifts. The units are pixels/record. This estimator was derived in terms of the shift that minimizes the mean-square error (MMSE) between adjacent records. It is also the maximum likelihood (ML) estimate of the shift.
9, 10
METHODS AND MATERIALS
The fundamental method employed in this study was to use an acoustic speaker to supply a low frequency, sinusoidally varying acoustic stress to the skin. Simultaneously, specific points on the skin were illuminated with coherent laser light and the motions of the backscattered speckle patterns as a function of the driving acoustic stress wave were recorded. The magnitude and the time-resolved pattern of the speckle shift were calculated using the maximum likelihood estimator described above.
All of the experiments were performed using samples of fresh porcine flesh obtained from a local abattoir. The tissue samples consisted of skin, adipose tissue and underlying muscle tissue. Typical dimensions of the tissue sample were 20 cm X 10 cm X 5 cm in the x, y, and z dimensions, respectively. Tissues were kept refrigerated until approximately ½ hour before testing at which time they were removed from refrigeration, surrounded on all sides, except for the skin surface, with damp paper towels and allowed to equilibrate to room temperature. To apply the acoustic stress wave, a small speaker (87 W, 7.0 cm diameter) was placed in direct contact with the skin at one end of the sample. The speaker was sinusoidally driven at 1 Hz by a sine wave originating from a function generator. In addition, the speaker was assumed to have infinite intertial mass, that is, it did not move as it was driven, only the skin moved. Optical illumination was supplied by a 5 mW green HeNe laser (λ = 543 nm) coupled through single-mode fibers. This wavelength was chosen as it restricts our interrogation depth to depths on the order of 100 µm or so, thus the measurements are primarily surface measurements.
The backscattered speckle pattern was imaged with a linear array CCD camera that consisted of 5000 pixels with a 7 µm pitch. To reduce the amount of data acquired, only the middle 512 pixels where used. The camera was triggered at 50 Hz. Each 1-dimensional exposure of the camera was sequentially arranged into a 2-dimensional array so that exposure number, or time, was along the vertical axis and pixel number, or space, was along the horizontal axis. We have previously referred to such arrays as 'stacked-speckle histories'.
9,10,11
Rayleigh wave velocity and wavelength
A standard 2-beam configuration was employed to determine the velocity and wavelength of the 1 Hz surface acoustic waves (Fig. 2) . The speaker was placed at one end of the skin samples and the HeNe laser was used to illuminate 2 spots on the skin of approximately 1 mm diameter, so that the laser spots and the speaker formed a straight line along the long axis of the skin. The distance of the spot closer to the speaker was chosen rather arbitrarily at 2.5 cm. This distance was chosen with the awareness that at distances too close to the speaker, the skin is "overdriven" and the speckles show substantial decorrelation during the acoustic loading-unloading cycle, and at too great of distances, the magnitude of the speckle shift is restrictively small. The distance between the two laser spots was varied between approximately 1.4 and 2.0 cm. The purpose of this was to ensure that regardless of the FIGURE 2 distance between the two spots, the calculated velocity and wavelength did not vary. The linear array CCD camera was aligned with the array parallel to the line formed by the speaker and the illuminated spots. A slight mis-focus of 1 cm was purposely induced to ensure that the speckles translated in space as opposed to simply 'boiling' as would be the case for a perfectly focused system. 12 The Rayleigh wave velocity, C R , was determined by the equation 1 2 ,
where ω is the angular frequency of the driving waveform, D is the distance between the two laser spots, and 1 2 φ φ − is the difference between the phases of the sinusoids that describe the motion in the stacked speckle histories generated from each of the illuminated spots (Eqs. 26-32). Once the velocity, C R , was determined, the Rayleigh wavelength, λ R , could then be estimated from Eq. 25.
Finally, once both C R and λ R were determined, the relative particle motions in x and z were estimated using Eqs. 24.
Decay in amplitude of surface acoustic wave
The physical model described above predicts an exponential decay in the magnitude of the acoustic wave with distance from the acoustic source (Eq. 9). To determine the characteristic decay distance, or relaxation distance, x δ , which is the propagation distance in which the magnitude of the propagating surface wave as measured by the magnitude of the speckle shift, decays to 1/e of its original value, A 0 , an experimental arrangement similar to that described above was employed. However, only a single illumination beam was used and the location of this illuminated spot was moved sequentially further away from the speaker and the magnitude of the speckle shift as a function of distance from the speaker was determined at each point distant from the speaker. As before, the speaker was driven sinusoidally at 1 Hz. Measurements were made at distances ranging from approximately 3.3 cm to 6.4 cm from the edge of the speaker. Beyond this latter distance, the quality of the stacked speckle histories deteriorated to a point where they could no longer be analyzed with any degree of confidence.
Stacked speckle histories were generated for each point and the magnitude of the speckle shift (Eqs. 26-32) was taken to be proportional to the magnitude of the acoustic wave at each distance from the speaker. The magnitude of the speckle shift was plotted against distance and the data were fit in a least-squares sense to an equation of the form
where x is the distance from the edge of the speaker along x , and the characteristic decay distance, x δ , was solved for as a free variable.
This procedure was repeated on 3 separate samples of skin.
Tan δ of porcine skin
While the velocity measurements above relied upon evaluating the phase difference between oscillating speckle patterns from two illuminated spots, the measurement of tan δ relies upon determining the relative phase difference between the driving acoustic sinusoid and the sinusoidal shift in the speckle pattern from a single illuminated spot. In this case, the illuminated spot was located 5 cm from the edge of the speaker. The speaker was again driven with a 1 Hz sinusoid from a function generator and the backscattered speckle pattern was imaged with the linear array CCD camera. As above, stacked speckle histories were generated and the speckle shift was plotted along with the driving waveform as a function of time (or record number).
Based on the measured Rayleigh wave velocity, C R , a correction was made for time of flight of the surface acoustic wave and the phase difference, δ, between the driving acoustic wave and the resulting speckle shift was calculated. The phase of each waveform was determined as the arctangent of the ratio between the imaginary and real parts of the waves. The tangent of the phase difference was taken to be the desired variable, tan δ. The phase delay due to the electronics (i.e., the time delay between the time the signal is sent to the speaker and the coil actually moves) was considered to be negligibly small and was ignored in this analysis. This procedure was conducted 3 times each on 5 separate skin samples.
RESULTS
Rayleigh wave velocity and wavelength
A typical dual-stacked speckle history is shown in Fig. 3 . This figure shows the sinusoidal motion of the backscattered speckle patterns from the two illuminated spots on the porcine skin sample. The spots were separated by a distance D = 2.0 cm, and because of this separation, the sinusoids describing the motions are very slightly out of phase with each other (Fig. 4) .
This phase difference is the denominator of Eq. 33.
Based on Eq. 33, the mean velocity, C R , of the 1 Hz surface acoustic waves was estimated to be 2.9 ±1.8 m/s. No difference (Student's t-test, p > 0.05) in C R was found regardless of the separation distance between the two spots, lending a degree of confidence to the measurements. Figure 5 shows the mean and FIGURE 3
standard deviation of the velocity measurements at each of the 4 separations investigated. Using the value C R = 2.9 ± 1.8 m/s, the Rayleigh wavelength, λ R was then calculated using Eq. 25. Based on this equation, λ R = 2.9 ± 1.8 m for a 1 Hz surface wave. This long wavelength indicates that our measurements are all in the acoustic near-field.
With knowledge of C R and λ R , the relative particle displacements in u x and u z as a function of depth can be estimated via Eqs. 24 and allowing ν = 0.45 (a reasonable number for Poisson's ratio of biological tissue) and C L =1500 m/s. The results are plotted in Fig. 6 . The primary result here is that both components of particle displacement have decay constants ~1λ R , indicating that the wave is in fact a surface wave. This depth, however, is substantially greater than the dimensions of skin, indicating that subsurface features should influence the behavior of the wave as observed on the surface. Also, it should be appreciated that the actual displacements, even on the surface, are very small. where y is the peak-to-peak magnitude of the speckle shift and the decay constant is in cm.
Tan δ of porcine skin
Based on the phase differences between the driving acoustic sinusoid and the sinusoid describing the timeresolved speckle shift, the mean value of tan δ was 0.14 ± 0.07, or a phase angle of approximately 8º. Table 1 shows the actual values for each skin sample and their standard deviations. A phase angle of 8º physically means that the strain in the skin sample lagged behind the imposed acoustic stress by 8º when the skin was subjected to a dynamic loading regime at 1 Hz. 
DISCUSISION
The slow velocity, C R , of the surface waves and corresponding long wavelengths measured in this study are consistent with the surface wave velocities measured in previous studies by other authors using very different methods. [1] [2] [3] Thus, it is likely that the actual velocity of 1 Hz surface acoustic waves in skin is on the order of 3.0 m/s, and that the Rayleigh wavelength is of the same order.
As another confirmation of the value of C R , Eq. 12 can be used to solve for r τ . Using Eq. 12, and allowing tan δ = 0.14, then the viscous relaxation time r τ = 0.02 s. Physically, this can be interpreted as it takes 0.02 s for the surface acoustic wave to travel the distance x d = 2.9 cm. Using these values to solving for velocity, C R = 1.45 m/s, which is lower than the directly measured velocity of 2.9 ±1.8 m/s, but still within the standard deviation of the measurements. This discrepancy can be further explained by the fact that the acoustic field is not quite flat, but is very slightly expanding. Recall that the diameter of the speaker was only 3 cm less than the width of the tissue samples. Thus, the measured decay in the relative amplitude of the acoustic stress wave with distance from the speaker is the result of some combination of wavefront expansion and the viscous nature of the tissue. If the wavefront was truly flat, the measured and calculated values of C R would likely be even closer. The decay in the amplitude of the acoustic wave with distance from the speaker is indicative of the viscous nature of the tissue. Although not investigated here, the characteristic decay constant should change with a change in frequency, as indicated by the description of the physical model above. Furthermore, it is very likely that this decay constant will change with tissue conditions as well, including location of the skin sample on the body, hydration levels, age and physiological (i.e., healthy or diseased) state. These are certainly issues that need to be investigated.
The variation in tan δ values between samples is consistent with the variation seen between individuals in Karzakov and Klochkov's 2 study on the low frequency mechanical properties of skin tissues in the human arm. Potts et al. 1 also noted large variations between individuals. This variation simply reflects the natural variation in tissues, and the fact that the mechanical properties of skin are very dependent upon location on the body and physiological parameters. It has been shown, however, that the values of tan δ of skin can be varied in a consistent fashion through the local injection of cross-linking agents (decreases tan δ) or enzymatic agents to partially digest the tissue (increases tan δ) 13 .
Clearly, the variation in the measured mechanical properties of skin makes it somewhat impractical to rely solely on absolute values of the mechanical properties for diagnostic purposes. However, it seems reasonable that relative hydration levels of the skin could be determined in this fashion. On the other hand, variations in the local tissue mechanical properties may provide a means to interrogate the tissue. For example, if a large area of skin, including a suspected pathological site, were to be illuminated and a sequence of speckle images were taken as the skin is acoustically stressed, then neighborhood variations in the speckle shift across the images could be determined by extending the speckle shift algorithm to 3 dimensions (the 3 rd dimension being time).
14 In this manner, the tissue surrounding the suspect tissue would serve as an internal 'control'. Stiffer tissue areas would exhibit less speckle motion, while less stiff areas would exhibit greater motion under the same acoustic stress, indicating local variations in mechanical properties.
